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ABSTRACT
Duzce in Turkey was severely damaged during the November 12th, 1999 earthquake (Mw 7.2). The paper presents different surveys
and studies performed after the earthquake, which resulted in the microzonation study of the city. At first we collected and analyzed
all available geophysical and geological data. Then we performed a well focused geophysical and geotechnical campaign comprising a
sufficient number of shallow and deep boreholes, seismic down-hole tests, array measurements of microtremors and ambient noise
measurements. The synthesis of all these data resulted in the construction of the seismic geotechnical map and the geometry of the
“seismic bedrock” of the city, adequate for site effect analysis. At a second stage we performed a thorough analysis of all available
strong ground motion records and we carried out a detailed seismic hazard analysis, which provided the necessary input motion
characteristics for the spatial analysis of the seismic ground response. Finally, we conducted a specific site effect analysis for the
seismic scenario of the 1999 earthquake with a series of conventional 1D EQL analysis. The processing of the theoretical analysis
results led to the estimation and the spatial distribution of the mean acceleration, velocity and displacement response spectra. As a
result, Duzce was divided in seismic zones and for each one we proposed the corresponding mean design acceleration response spectra
and all other characteristics of the expected ground response.
INTRODUCTION
Site classification and soil categorization is an important step
of a Microzonation study. In the present study a simplified soil
classification provided by EC8 was followed taking into
consideration the geological zonation of the Düzce region, for
one seismic scenario based to the deconvoluted acceleration
time history of Düzce 12-11-1999 record. The estimation of
the free field peak ground acceleration was based on the
results of the seismic hazard study for the Düzce case
(Pitilakis et al., 2007). Then a series of 1D analysis was
performed in several well-selected and representative sites
along the city of Düzce, for one seismic scenario and for six
input motions scaled to the estimated PGA for outcrop
conditions. The dynamic properties of the soil configurations
for the synthesis of the soil profiles were derived from the
results of the available geotechnical data and geophysical
surveys (HVSR technique and microtremor measurements)
that were performed in Düzce (Pitilakis et al., 2009a). This
correlation led to the synthesis of 2D geotechnical crosssections based on which thirty representative 1D dynamic soil
profiles, with varying depth and soil starification, were
developed. Site response analysis was performed at each one
of the selected sites for one specific seismic scenario
(Alexoudi et al., 2008).
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The results derived from the 1D theoretical seismic response
study were analyzed in order to estimate average acceleration
response spectra, peak ground acceleration and displacement
values at the ground surface, peak ground velocity values at
the pipelines’ depth and peak spectral acceleration values for
specific period values (Pitilakis et al., 2009b). Based on the
geophysical, geotechnical and geological investigations, a
correlation of the results in adjacent sites was carried out in
order to accomplish the zonation of the city in uniform seismic
response zones. The results are presented in terms of tables,
diagrams and maps in GIS format that present the spatial
distribution of the strong ground motion.
DESCRIPTION OF THE METHODOLOGY
The theoretical seismic response analysis of the thirty sites
was based on the assumption of vertical propagation of
harmonic shear waves in a one-dimensional layered soil
column.
Considering the above assumption, the complicated problem
of seismic response of the soil deposits was simplified to a
one-dimensional propagation of shear waves in a stratified
column of horizontal layers. These layers are subjected to
1

input motions representative of the geological and
geotechnical characteristics of the greater area, based on the
in-situ geotechnical survey, considering the results of the
seismic hazard study of Düzce region. The seismic response
analysis was performed using a 1D equivalent linear analysis.
Equivalent-linear ground response analysis is well known and
validated method that has been used for a long time in similar
projects. It gives reliable results for horizontally or nearly
horizontally stratified soil deposits for soil profiles with
moderate thickness and up to medium seismic–induced strains.
SEISMIC BEDROCK
The seismic bedrock is defined as a very stiff and rigid soil
layer of elastic behavior that underlies a much softer soil
deposit during the upward vertical propagation of the seismic
waves. The above conditions are met for any soil or rock layer
having shear stiffness significantly larger than that of the
overlaid soil layers. Several quantitative criteria have been
proposed to determinate a minimum the “seismic bedrock”
like a value of the shear wave velocity, Vs (e.g. 750m/s) or the
shear modulus from low to medium stains, Gmax (e.g.
1100Μpa).
Alternatively, the seismic bedrock can be defined on the basis
of the geological age of the soil formations considering that
shear stiffness increases with depth and age.

Figure 2: Contour map with the thickness of the Quaternary
alluvial deposits in the Düzce plain (Report: Turkish General
Directorate of Mineral Research and Exploration and the
Ankara University 1999).
in Düzce by the AUTH - SDEGE scientific team (Pitilakis et
al., 2009a).
The geophysical survey comprises 15 array microtremor
measurements using the Spatial Autocorrelation Coefficient –
SPAC method (Aki, 1957), and of 31 single station ambient
noise measurements using the Horizontal to Vertical Spectral
Ratio - HVSR method (Nakamura, 1989). The estimation of
the seismic bedrock and the soil stratification is based on the
needs of the 1D equivalent linear response analyses.

Duzce

Figure 1: Geological map of Düzce
The main advantage of this definition is that it offers an
objective and practical way to encounter the problem when the
type and depth of the geological bedrock are known from
geological surveys. The geology of the basin is shown in
Figure 1. According to the report prepared by the Turkish
General Directorate of Mineral Research and Exploration and
the Ankara University (MTA/AU, 1999), the Quaternary
alluvial deposits’ thickness at the Düzce basin deepens at
almost 200-250m towards the city centre (Fig. 2).
In Düzce the seismic bedrock and the soil stratification are
defined from (a) past shallow geotechnical and geophysical
investigations performed by different research teams after the
earthquake (Pitilakis et al., 2006) and (b) new field and
laboratory measurements which were designed and conducted
Paper No. 7.12b

Boreholes (University of Ankara, 2001)
Seismic prospecting (University of Ankara, 2001)
Region with Single station noise measurements (University of Ankara, 2001)
Array microtremor measurement (Kudo et al., 2001)
SASW measurement (Rosenblad et al., 2001)
Single station noise measurements (Yamanaka et al., 2002)
Single station noise measurements (Tromans, 2004)

Figure 3: Sites of past available boreholes and microtremor
measurements of the broader area of Düzce.
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Figure 3 presents the geographic distribution of the different
geotechnical and geophysical investigations and microtremor
measurements that have been performed previously, while in
Figure 4 we present all new field measurements which were
conducted in Düzce by the AUTH-SDEGE.
Based on the field investigations, the shear wave velocity (Vs)
profiles were determined in fourteen representative sites. The
results show a rather regular distribution of Vs with depth,
indicating the existence of stiff geological formations close to
the surface at the northern rather which deeps to the southern
part of the city. The first 8-15m are dominated by soil layers
with velocities from 120 to 210m/sec, then medium velocity
layers follow at the rate of 285-420m/sec, with varying
thickness from site to site. Stiffer soil formations with
velocities 490 to 620m/sec and average thickness 140m cover
a layer with velocity values around 780m/sec, which is
considered as the seismic bedrock. All the inverted 1D profiles
show a rather regular distribution of the Vs velocities with
depth.

In addition to S-wave velocity investigations, 1D empirical
site response analyses were conducted in 31 points in the city
of Düzce (Pitilakis et al., 2009a). These measurements were
conducted at sites with missing information exists from the
previous response studies (Kayabali et al., 2001), (Tromans,
2004). The recordings from the array microtremor
measurements were also used for the determination of the
resonant frequency and the associated amplification factor at
the center of each array, increasing the total number of the
empirical response estimates to 46 (Figure 5). The ambient
noise recorded at these sites is recorded with a time range
from 15 to 20min using a broadband tri-axial seismometer
Guralp (CMG-40T of 0.033Hz natural frequency) connected
to Reftek recording system (DAS-130) and GPS unit.
The noise data were analyzed using the Nakamura’s technique
(Nakamura, 1989). We selected noise windows of 300sec
duration avoiding obvious parasites (spikes) from external
noises (cars, machines, etc.). The 300sec noise window was
divided into 39 windows of 20sec duration, with 50%
overlapping between the adjacent windows. Each 20sec
window was 10% cosine-tapered and Fourier transformed, and
their amplitude spectra smoothed using a Hanning function.
The transfer function of each 20sec window was calculated, as
well as their average. The coordinates of their first maximum
peak correspond to the dominant frequency and amplification
of each investigated site.
The resonant frequencies were not easily extracted from the
average HVSR ratios, due to low amplitude of the transfer
functions or the absence of a predominant single peak.
However, some of the variations are indicative of the
uncertainties associated with the results of the HVSR
technique obtained from microtremors. The complex geology

Meteorological station

Deep boreholes (MERP project)
Strong motion array DNET (MERP project)
Single station noise measurements (SRM-DGC project)
Array microtremor measurements-SPAC (SRM-DGC project)

Figure 4: Location of the new field measurements conducted
in Düzce by AUTH-SDEGE. 2D cross-sections were produced
based on these data and the previous ones in Figure 3.
EMPIRICAL SITE RESPONSE STUDIES
Empirical site response estimates using the HVSR technique
(Nakamura, 1989) were conducted by Kayabali et al., (2001).
Resonant frequencies from 0.2 to 1.23Hz were calculated at
the center of the city, which is covered by the soft lacustrine
deposits Qal2 and Qal3. At the city center and the suburbs an
extensive program of 117 HVSR measurements were
performed by Tromans (2004). The resonant frequency and
the associated amplification factor calculated by these
measurements were also used for the seismic response
modeling of Düzce.
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9 sampling boreholes (40-90m depth)
Permanent accelorograph network
15 array microtremor measurements (SPAC method)
31 single station ambient noise measurements

Figure 5: Location of the HVSR microtremor empirical studies
in Düzce.
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Figure 8: Typical 2D geotechnical cross-section at the EW
direction of Düzce region.
Figure 6: Distribution of the dominant ground frequencies in
the city of Düzce.
with the terrestrial, river and lagoonal soil materials was the
main reason of this situation. Lower frequencies (<0.65Hz)
were estimated in the southern rather than the northern part of
the city. The zonation of the city based on the empirical
response estimates is shown in Figure 6. This variation is
indicating either low S-wave velocities or thick soil formations
at the southern part of Düzce. Similar picture was resulted
from the array microtremor measurements that were
conducted by AUTH – SDEGE (Pitilakis et al., 2009a). The
high frequency values calculated for the new city (>0.65Hz),
indicating that stiff soil deposits dominate this region or
weathered rock formations. The amplification factor of the
HVSR ratios is ranging between 2.5 to 4.5 within the city,
while lower values (≤1.5) were estimated for the new city of
Düzce.

C and D are characterized with velocities between 360 and
580m/sec. Their thickness is progressively increasing from the
northern to the southern part of the city. Finally, E and F
formations overlie the bedrock of the area with an estimated
velocity of 1000m/sec. The stiffness of these two formations is
ranging from 580 to 860m/sec while their thickness varies
within the city.
Based on the generated 2D cross-sections, 30 1D dynamic soil
profiles were developed at the broader area of the city. In
Figure 9 the grid of the study area (size of the grid 0,5 x 0,5
km), and the sites of the 1D representative soil profiles are
presented in GIS format. 1D analysis is considered quite
suitable for the case of Düzce, as the plain is very large, and
there are not apparently strong lateral discontinuities, except at
the southern part at the fault area. The aim of 1D analysis is

TYPICAL SOIL PROFILES
From the synthesis of past and recent data, 2D geotechnical
cross-sections were generated (Figures 7 - 8). As described
previously, six different layers were distinguished. A and B
soil layers having thickness of 20m to 40m are characterized
with low velocities (160-360m/sec), The stiffer soil formations
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Figure 7: Typical 2D geotechnical cross-section at the NS
direction of Düzce region.
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Figure 9: Sites of the 1D representative soil profiles.
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the computation of response spectra acceleration in each soil
profile in order to estimate the spectral acceleration values
along Düzce and propose an adequate zonation for the city,
after the major impact that 12-11-1999 Düzce (Pitilakis et al.,
2009b). Emphasis was given at the southern part of the city,
because the majority of the buildings that suffered great
damage or collapsed are located there, at the centre of the city
close to the river (Manou et al, 2007). The soil formations at
the southern part of Düzce, as already discussed are composed
mainly of soft alluvial deposits of great depth.
In Figure 10 the 1D soil profile at the Meteorological Station
of Düzce is depicted, where the only station (DZC station) that
recorded the November 12th 1999 earthquake is located.
According to this profile the “seismic bedrock” is situated at
240m depth, according to the results of the in-situ geophysical
survey and the soil formations are described as rather soft at
the first 20m and then getting stiffer with depth. Moreover, the
shear wave velocity profile with depth is also presented.
Shear wave velocity (m/s)

Meteorological
Station

0

500

1000

0

0.0m

CL
SM- Vs=260m/s2
-18.0m GM

Vs=175m/s2

-8.0m

50

GM

-38.0m
GM

Vs=500m/s2

-68.0m
GM
Vs=650m/s2

Depth (m)

Vs=440m/s2

-240.0m

Vs=780m/s2

Rock

1000, 475 and 100 years. The resulting PGA values (Table 1)
have been validated with existing results from previous studies
already performed in the area. PGA values for outcrop
conditions derive from Ambraseys (1996) relation are higher
compared to the produced values from Ozbey, (2004) and
Sadigh et al., (1997), as it is shown in Table 1. In Table 2, the
results from the probabilistic analysis according to Ozbey,
(2004) attenuation relation are also compared with the seismic
map produced by Kayabali (2002), as well as the actual
records of 12-11-1999 Düzce earthquake.
Table 1: Comparison between the probabilistic seismic hazard
analysis results based on different relations for rock sites.

100

ROCK
1000y

ROCK
475y

ROCK
100y

0.83g

0.55g

0.28g

0.90g

0.67g

0.30g

0.80g

0.55g

0.24g

150

-108.0m
GM

Figure 11: Düzce fault which caused the 12/11/1999
earthquake

200

250

Figure 10: 1D Dynamic cross-section at the Meteorological
Station and shear wave velocity profile.
SEISMIC HAZARD ANALYSIS – SELECTION OF INPUT
MOTIONS
Düzce is located in one of the most tectonically active regions
in Turkey. Both Kocaeli and Düzce 1999 earthquakes have
occurred in a region dominated by the North Anatolian Fault.
The Düzce fault, (Figure 11) activated by the 12/11/1999
earthquake, extends eastwards about 70km from the main
branch of the North Anatolian Fault. It is a right lateral strikeslip fault and forms a morphological boundary along the south
of the Düzce plain, having its terminus near the village of
Kaynasli, located to the southeast of Düzce.
Seismic hazard analysis of Düzce has been estimated applying
a probabilistic approach, using code CRISIS 99 and
considering the seismic zones affecting Düzce (Kayabali,
2002), (Pitilakis et al., 2007). Three different attenuation
relations proposed by Ambraseys (1996), Sadigh et al., (1997)
and Ozbey (2004), have been used to derive the distribution of
PGA values for rock conditions and for return periods of
Paper No. 7.12b

Sadigh et al.
(1997)
Ambraseys
(1996)
Ozbey et al.
(2004)

Table 2: Comparison between the calculated PGA values
(probabilistic approach) with the record values at the
Meteorological Station of Düzce.
CRISIS 99
(Ozbey et al.
2004)

DUZCE

100
years

475
years

0.24g

0.55g

Kayabali K.
(2002)
(Rock sites)
100
years
0.15 0.20g

475
years
0.20 0.30g

Real
Record
(Soft soil)
Duzce
earthquake
0.55g

Figure 12 presents the simplified synthesis of the geotechnical
zonation of Düzce based on all available in-situ geotechnical
surveys and the physical and dynamic properties of the soils
derived from the detailed laboratory testing on representative
soil samples and the EC classification scheme.
In the above probabilistic approach the expected values of
peak ground acceleration in Düzce (PGA = 0.55g for rock
conditions), are given for the seismic scenario with mean
5

I

The estimation of the peak ground acceleration at the free
surface was based on the results of the seismic hazard study
for rock conditions combined with the results of the
deconvolution of the DZC record at the Meteorological
Station. Based on these results a seismic scenario is
implemented in Düzce, for PGA = 0.41g, for a mean return
period of 475 years.

I

As already mentioned before, the only available record of 1211-1999 Düzce earthquake was recorded at the Meteorological
Station of Düzce (Figure 13a). The peak ground acceleration
recorded at the Meteorological Station in Düzce was
invariably large, (PGAEW=0.51g), something that is not
unexpected, due to closer proximity of the fault rupture. The
long duration and the long period energy content in the time
history of the Düzce record, is a strong indication of basin
response and effect of soft soil behavior (Sucuoglu, 2002).

II

I

Vs(30) > 360 m /s (Soil category B according to EC8)

II

180<Vs(30)<360 m /s (Soil category C according to EC 8)

Figure 12: Simplified soil classification according to EC8
considering the geological zonation of the broader area of
Düzce based on the available geotechnical data and recent
geophysical measurements.
return period of 475 years. Taking into consideration the fact
that there was no available record of the 12-11-1999 Düzce
earthquake (Figure 13a) in “outcropping rock” conditions in or
close to Düzce, we decided to use as input motion, the
deconvolution of the available record at the Meteorological
Station. The soil profile at the Meteorological Station is well
known after the detailed in-situ geotechnical investigation that
the AUTH-SDEGE team has conducted in the city (Figure 10).
In this way, we were able to estimate the 12-11-1999 record
(DZC) at the surface of the “seismic bedrock” (Figure 14). In
particular we estimated PGA = 0.41g in the EW component
and PGA = 0.23g in the NS (Pitilakis et al., 2009b).
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Figure 13: (a) Acceleration time histories, (b) Absolute and
(c) Normalized Acceleration Response Spectra of the Düzce
12-11-1999 earthquake recorded at the Meteorological
Station, compared with the Design Response Spectra
Acceleration of the Turkish Seismic Code (Z3) and EC8 C –
Type 1 (CEN 2004)
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For the 12/11/1999 strong seismic motion, the 5% damped
acceleration response spectra are illustrated in Figures 13b –
13c. The normalized response spectra acceleration are
compared with the design response spectra of Eurocode 8
(CEN 2004) and the Turkish Seismic Code. Based on the soil
classification at the Meteorological Station, the design
response spectra of the soil class C was selected for Eurocode
8 (CEN 2004) and the soil class Z3 for the Turkish Seismic
Code. The peak of the response spectra appears around 0.4
sec, which may indicate a characteristic site response
(Sucuoglu, 2002), and the presence of enhanced long-period
motions at DZC station. However, amplification at long
periods is also indicative of the kind of site conditions
encountered at the Meteorological Station (DZC). Both Idriss
et al., (2000) and Sucuoglu, (2002), stress the need for further
investigation to separate out these two effects. Moreover, from
the shape of the corresponding acceleration response spectra,
it is evident that the acceleration demands for periods between
0.1 to 1.0 seconds, which is the expected range for periods of
most structures at the area, were considerably large.
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Figure 14: Deconvoluted acceleration time histories of the
Düzce 12-11-1999 earthquake recorded at the
Meteorological Station (EW and NS components).
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RESULTS DUE TO GROUND SHAKING

For the seismic response study, except the deconvoluted time
histories of the Düzce earthquake record (Figure 14) four (4)
other seismic motions recorded at “outcropping rock”
conditions were also selected; the Gebze record of the 17-81999 Kocaeli earthquake, two records from the 1994
Northridge earthquake (Pacoima Dam and Wonderland
records) and the Sturno record of the 1980 Campano Lucano
earthquake in Italy (Figure 15). These records were selected to
satisfy the following criteria: a) originated from earthquakes
that have similar seismotectonic environment to that of the
study area, b) recorded at rock outcrop sites, c) at different
epicentral distances to account for waveforms from near,
medial and far field conditions and d) to cover the response
spectra provided by the Turkish seismic code and Eurocode 8
(CEN 2004) for soil type A. The recorded input motions were
scaled properly to PGA = 0.41g, according to the seismic
hazard results for the mean return period of 475 years.

The results of the seismic response are presented in terms of
diagrams, tables and maps in GIS format (Pitilakis et al.,
2009b). In particular, for each of the 30 sites of this
investigation, the following parameters were calculated: a)
Absolute and normalized acceleration response spectra and
mean plus one standard deviation normalized acceleration
response spectra at the free surface, for all the input motions,
and for the specific seismic scenario (PGA = 0.41g) with a
mean return period of 475 years. b) Comparison between the
mean plus one standard deviation normalized acceleration
response spectra for all the input motions, with the design
response spectra proposed by the Turkish seismic code (soil
classes Z2 and Z3) and Eurocode 8 (CEN 2004) for soil types
B and C.
Moreover, we present for the same seismic scenarion, the
spatial distribution of peak ground acceleration and
displacement values, at the free surface as well as the
computed average peak ground velocity at the depth (-3m).
Finally, the spatial distribution at the free surface in terms of
different spectral ordinates PSA (T=0.3sec, 0.6sec, 0.9sec,
1.0sec, 1.5sec and 2.0sec) was also defined.

Figure 16 presents the elastic response spectra of the input
motions multiplied with proper scale factors, the normalized
acceleration response spectra of the selected input motions are
compared with the design acceleration response spectra for
rock conditions (soil class A) of the Turkish Seismic Code and
Eurocode 8 (CEN 2004).
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Figure 15: Acceleration time histories of four real earthquake
records which are used as input motions for the 1D analyses,
scaled to the PGA value (= 0.41g) of the deconvoluted time
history of the Düzce record at the Meteorological Station (EW
component).
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Figure 16: Response Spectra Acceleration of the six input
motions used for the 1D analyses, compared with the Design
Response Spectra Acceleration of the Turkish Seismic Code
(Z1) and EC8 A – Type 1.
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Figure 17: (a) Normalized response spectra acceleration at
soil profile 7 as a result of the 1D analyses, compared with
the design response spectra acceleration of the Turkish
Seismic Code (Z3) and EC8 C – Type 1 (b) Mean ± stdev
values of normalized response spectra acceleration
compared with the design response spectra acceleration of
the Turkish Seismic Code (Z3) and EC8 C – Type 1.
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In Figures 18 - 19, the spatial distribution of peak ground
acceleration values, at the free surface, is presented in terms of
maps in GIS format always for the same scenario of 475 years.
Finally, in Figures 20 - 21, we present the spatial distribution
of spectral acceleration values at T=0.3sec.

Figure 18: Spatial distribution of peak ground acceleration,
PGA, at the free surface of Düzce, for the seismic scenario
with input motion the EW component of the deconvoluted
time history of Düzce record (12-11-1999), scaled at 0.41g.

The synthesis of the 1D analyses results led to the proposition
of two normalized acceleration response spectra; one for the
north part of Düzce, where the soil formations are stiffer, and
one for the south part of the city, where there are mainly deep
soft alluvial deposits (Figure 22). The calculated normalized
average acceleration response spectra (Sa/PHGA), are
compared for the North Part with the design response spectra
of seismic zone Z2 (Turkish Seismic Code) and soil class B
(EC8), and for the South Part, with the corresponding design
response spectra of seismic zone Z3 of the Turkish Seismic
Code and soil class C of EC8. Soil formations of the region of
Düzce are classified in soil class B according to EC8 and soil
class Z2 according to the Turkish Seismic Code at the North
part of the city. The South part they are classified in soil class
C according to EC8 and soil class Z3 according to the Turkish
Seismic Code.
CONCLUSIONS

In Figure 17 the computed normalized acceleration response
spectra, and the mean ± one standard deviation normalized
acceleration response spectra, from the 1D analysis for a
specific soil profile (soil profile 7) at the south part of Düzce,
are presented and compared with the design response spectra
acceleration of the Turkish Seismic Code (Z3) and EC8.

The results of the Microzonation study performed in Duzce,
show that the predominant period values (To) of the mean
acceleration response spectra that have been computed for the
northern part of Düzce (Fig. 22) appear around To=0.5 sec,
corresponding to stiffer soil formations. On the contrary, mean
acceleration response spectra that have been estimated for the

Figure 19: Spatial distribution of average peak ground
acceleration values, PGA, at the free surface of Düzce, for
the six seismic scenarios with six selected input motions
recorded at rock conditions, scaled at 0.41g.

Figure 20: Spatial distribution of spectral acceleration values,
PSA, at the fundamental period value To = 0.3 sec, for the
seismic scenario with input motion the EW component of the
deconvoluted time history of Düzce record (12-11-1999),
scaled at 0.41g.
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Figure 22: Computed Normalized Response Spectra
Acceleration (Sa/PHGA) for the North and the South part of
Düzce, as a result of the Microzonation Study. The spectra are
compared with the Turkish Seismic Code and EC8
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